Abstract Chronic spinal disc disease leads to disorders in postural movement coordination. An incorrect asymmetrical movement pattern for the lower limbs loading impairs proprioception and deteriorates postural stability, particularly when the vision is occluded. The standard surgical treatment improves biomechanical conditions in the lumbar spine, reduces pain, yet does it reduce the stability deficit in the upright position? An answer to the latter question would help work out targeted therapy to improve postural stability. We hypothesized that the standard surgical treatment would improve postural stability reflected by decreased sway variability accounting for better use of proprioceptive inputs postoperatively. Thirty-nine patients with lumbar disc herniation participated in the study. Their postural sway was recorded in anterior/posterior and medial/lateral planes with their eyes open or closed (EC) before and after surgery. The variability, range, mean velocity of the recorded time series and the area of the ellipse enclosed by the statokinesiogram were used as measures of postural stability. Preoperatively, EC condition resulted in an increased variability and mean velocity of postural sway, while postoperatively it caused an increase in sway mean velocity and sway area only with no effect on sway variability and range. The comparison of the balance before and after the surgery in the EC condition showed significant decrease in all parameters. In the early postoperative period, the patients recover the ability to control their postural sway in EC within normal limits, however, at the expense of significantly increased frequency of corrective torques. It is probably a transient short-term strategy needed to compensate for the recovery phase when the normal weighting factors for all afferents are being reestablished. We propose that this transient postoperative period may be the best timing of therapeutic intervention targeted at facilitating and reinforcing the acquisition of correct motor patterns.
Introduction
Human postural balance relies on information from somatosensory, vestibular and visual systems [20, 28] . Postural stability depends also on the efficiency of the motor function: joint stability and muscle activity [7] . The performance of the postural balance system is affected by age, neurological dysfunctions [3] , cerebrocranial injuries [11] , and motor organ diseases [7, 31] .
A vital role in maintaining balance is played by the spine. Dysfunctions of the spine influence on control of posture in upright position. Lower back pain is a significant social problem. It has been estimated that 70-85% of all people at some point in their life suffers from low-back pain. In recent years, the percentage of patients undergoing surgery due to herniated disc increased significantly, particularly in the USA. The lumbar disc herniation (LDH) is the third ranking most common cause of surgical procedures [1] .
In patients suffering from low-back pain syndrome, significant deficits in postural balance have been reported [19, 22, 24] . The suggested causes of these deficits were pain [24, 25] and impairment of the proprioceptive input in the area of the spine and lower limbs [12, 18, 34] . Asell et al. [2] reported that patients with chronic lower back pain did not differ from controls in terms of the lumbar spine motor performance; other investigations, however, have reported such differences [12, 26, 27] . According to Sipko et al. [33] patients with intervertebral disk disease are characterized by asymmetrical leg loading. This asymmetry, as a combined result of the radiating pain and disturbed proprioceptive input, often leads to postural imbalance and other motor deficits. Based on the study by Morag et al. [23] , muscular pareses in patients with LDH cause gait disorders, which is considered one of the indications for the surgery.
In the investigation by Bouche et al. [4] poorer postural balance was found in patients after surgical treatment of herniated disc as compared to the controls. The occurrence of pain in these patients had an influence on postural stability disorders both with open eyes (EO) and with closed eyes (EC). According to Leinonen et al. [18] , patients with sciatica had deteriorated postural control and proprioception in the lumbar spine. Surgical treatment improved their proprioception; yet, it did not decrease their postural instability, as was indicated in tests made 3 months after the surgery [18] .
It is difficult to explain why the surgical elimination of the reasons for main pathological symptoms such as pain and proprioceptive disorders does not lead to improved postural control in subjects with LDH. After surgery, these subjects promptly acquire favorable condition to make use of the reestablished proprioceptive function. We believe that if it was not for the retention of incorrect compensatory motor patterns and the lack of targeted therapy to aid the consolidation of correct motor patterns, they should present normal postural stability months after surgery. As a first step to verify the latter proposition, the assessment of postural control in these subjects shortly after surgery is required. However, to the best of our knowledge, there are no studies on postural control of patients with LDH in the early postoperative period. Leinonen et al. [18] and Bouche et al. [4] assessed stability of posture 3 months after the surgery, while Dubourg et al. [8] evaluated recovery from paresis due to LDH a month after the surgery, respectively.
The purpose of the study was to compare selected postural sway measures in patients before and shortly after surgery. We hypothesized that postural control would improve postoperatively. As these patients have been reported to significantly rely on vision [4] , we expected larger changes in postural stability with eyes closed than with eyes open.
Materials and methods:
Subjects A group of 39 patients undergoing surgery due to LDH were investigated in the Military Clinic Hospital in Wroclaw. The group consisted of 16 women (44%) and 23 men (56%), aged from 26 to 70 years.
Based on the description of magnetic resonance (MR) results, the following levels of disc hernia were found in 44% subjects-multilevel hernias, in 15% at L4/L5 level, in 29% at L5/S1 level, 3% stenosis of the spinal canal, 3% hernia at L5/S1 level with stenosis of the spinal canal, 3% multilevel hernias and spondylolisthesis, 3% hernia at the L4/L5 level and spondylolisthesis.
The directions of disc hernias were as follows in 40% of subjects: central, 22.5% central right-sided, 15% central left-sided, 20% central bilateral, 2.5% right-sided. All subjects gave informed consent prior to participation, and the procedures were approved by the University Bioethics Committee.
Experimental protocol
Postural stability was assessed in two consecutive 30 s quiet stance periods, first with eyes open (EO) and then with eyes closed (EC) on a pressure plate before and after (3-4 days) surgery. The subjects were asked to stand as still as possible and to preserve the symmetry of stance regarding equal loading of their legs. Further instructions included arms at the sides, feet hip apart and, in the EO stance, fixing the gaze on a small cross-painted on the otherwise blank wall at the distance of 1 m. The sampling frequency was 10 Hz resulting in 300 samples of the centre of force (COF) recorded using a PEL 38 pressure plate manufactured by MEDICAPTEURS (France). This measuring mat consists of 1,024 pressure sensors, recording vertical pressure forces of the plantar side of the feet on the ground. The COF is automatically calculated by the system's software in the anterior/posterior (AP) and medial/ lateral (ML) planes and describes postural sway excursions over time [10] . The recorded COF signals were used to compute the COF variability (standard deviation), range, mean velocity, and area of ellipse enclosed by the statokinesiogram.
Statistical analysis All data were tested for normal distribution and homogeneity of variances and failed to meet these assumptions. Thus, we used the Wilcoxon's matched pairs test to compare the postural stability measures between the pre-and postoperative status and between the EO versus EC condition in both planes of movement separately. The results are presented as median values. The level of significance was set at P = 0.05.
Results
Prior to the surgery, EC resulted in a significant increase in all stabilographic parameters: sway variability (P \ 0.0005, P \ 0.05), range (P \ 0.0003, P = 0.007), and mean velocity (P \ 0.0001) in the AP and ML plane, respectively (Figs. 1, 2, 3 ). Sway area also increased (P \ 0.0004) (Fig. 4) . These results indicated a large reliance on visual information in subjects with LDH.
After the surgery, EC caused a significant increase in sway mean velocity (P \ 0.0001 in the AP and the ML plane) and sway area (P \ 0.01) only, while the sway variability measures remained unaffected. Thus, the reliance on vision disappeared, and was substituted for other sensory modalities.
In EO condition, there were no differences between stability measures before and after the surgery indicating an effective compensatory contribution of vision to balance before the surgery. However, in the EC condition, the surgery resulted in a significant decrease in all stability parameters: sway variability (P \ 0.002 in AP plane), range (P \ 0.005, P \ 0.02), and mean velocity (P \ 0.01, P \ 0.01) in the AP and ML plane, respectively (Figs. 1, 2, 3 ).
Sway area also decreased (P \ 0.02) (Fig. 4) . The latter results pointed out the beneficial outcome of the surgery on the non-visual modalities contributing to body balance. 
Discussion
In this paper, we investigated stability of the upright stance in LDH patients before the surgery and in the early postoperative period. We hypothesized that this surgery should result in the instantaneous change in postural strategies leading to the improvement in postural control. Our results confirmed this hypothesis because all measures of postural sway variability significantly decreased after surgery in EC condition.
In line with the several other studies [4, 18] , the variability of postural sway in our patients before surgery was larger with EC than with EO (by 80-100% in the AP and 40-70% in the ML plane, respectively). Such a strong reliance on vision does not occur in healthy people. It is generally accepted that the cause of such substantial differences in patients with LDH is impairment of the proprioceptive system [12, 18, 34] , the significance of which in maintaining stable position is fundamental [29, 32] . Peterka et al. [29] estimated that in typical condition while standing on a firm base of support, healthy persons rely 70% on somatosensory information. Yet, body balance in our patients before surgery in EO condition was similar to that of healthy persons suggesting that the former subjects had learned to effectively use visual information to compensate for deteriorated proprioception. Consequently, postural control in our patients was practically optimal and the subsequent reintegration of proprioception after surgery could not have caused further reduction of the sway variability in the EO condition. It concurs with the results of several authors [9] that certain level of sway variability is indispensable for the continuous monitoring of the body position against stability limits.
Postoperatively, in the EC condition all stability measures decreased indicating improved balance of the subjects. Most likely, this improvement accounted for a better function of their proprioceptive system and similar reasoning was presented in a number of papers [5, 12, 34] .
However, we believe that our results provide evidence that may shed more light on neuromotor antecedents of the postoperative balance improvement in our patients, namely on postural strategies. The best way to demonstrate this evidence is to analyze the changes in postural control between the EO and EC, in the pre-and postoperative patients, separately. Before surgery, eyes closure led to almost identical increases in sway variability and mean velocity. The mean velocity of a time series is a product of its variability and frequency [11] , thus, the resulting increase in the sway mean velocity was caused solely by a similar increase in the sway variability, without any significant changes in sway frequency. The latter parameter represents the activity of the CNS in the monitoring the body position and velocity with respect to the stability limits, and some authors argued that frequency might be important in identifying changes in postural strategies, particularly in terms of the level of muscle co-contraction and stiffening the posture [35] . In fact, it has been demonstrated in several studies that increased difficulty of task has resulted in higher frequency, always associated with higher postural stiffness [6, 16, 17] . In view of the latter evidence, our results indicate that our chronic patients before surgery, when challenged by occluded vision, were not able to adopt efficient control strategy to counteract significantly increased sway amplitude.
In contrast, our patients after surgery displayed no changes in sway variability and large increase in sway mean velocity during the EC as compared to EO stances. Taking into account, the aforementioned relationship between the mean velocity and the remaining sway parameters, the increase in the mean velocity could have been caused only by substantial increase in the sway frequency. To present in a different way, closing the eyes by patients after surgery prompted their CNS to increase the activity of the body position monitoring and/or the rate of reciprocal muscle co-contraction which accounted for the improved proprioceptive function. It seems interesting to compare the latter results with other studies concerned with healthy adults whose postural stability is fairly robust to occluded vision displaying moderate increase in sway variability and no changes in mean velocity, when comparing EC to EO condition. It suggests that occluded vision is not regarded by healthy persons as a real threat to the equilibrium system and their CNS can easily hold out against this challenge using intact vestibular and proprioceptive pathways. However, the proprioceptive system in our patients after surgery, although its function has been restored, was still in a transient phase from learned compensatory patterns and the accuracy of the spatial orientation information was reduced. The CNS assessed these compromised orientation cues that arose from still incorrect sensory reweighting strategies as a threat to postural stability and employed tighter (higher frequency) control of posture in our patients during EC stances. This reasoning concurs with the transient increases in body sway that have occurred after restoration or alteration of visual and proprioceptive cues [13, 30] . Despite the excessive sway frequency as compared to healthy persons, the optimistic outcome was that the postoperative patients regained their ability to use higher frequency of corrective movements to stabilize the body. We believe that it may be the best timing to start therapeutic intervention targeted at facilitating and reinforcing the acquisition of correct motor patterns. The benefit of very early therapy has been recently demonstrated by Millisdotter and Strömqvist [21] .
Besides the improved proprioceptive input, another reason for facilitating these corrections may be the elimination of pain which is in line with the study by Kuczyński and Paluch [15] who found significant negative relationship between the pain level and sway frequency in persons with low-back pain. Similarly, Bouche et al. [4] reported that sciatica patients after lumbar discectomy developed visual compensation mechanisms that were sufficient in case of pain relief only.
The role of pain relief (and its biomechanical consequences) in the recovery of normal balance control in patients with LDH, in view of the presented evidence, is worth additional discussion. Mok et al. [22] reported reduced ability to control a hip strategy for balance control in persons with LBP. During balance tests, subjects are usually instructed to stand motionless. Healthy people during easy tasks fulfill the condition of one-segmental inverted pendulum and use a so-called ankle strategy shifting the body by torques at the ankle [14] . In more difficult tests, such as standing on a short base of support, these subjects tend to use hip strategy that involves generation of horizontal shear forces. If the function of any subsystem of the balance control is deteriorated, hip strategy may be used even in relatively easy trials. Hence, postural control normally involves elements of both strategies, though the emphasis will vary depending on the postural context [22] . Biomechanically, ankle strategy has low frequency of sway due to a large moment of inertia of the body around the ankle joints. In hip strategy, the upper and lower body, each having significantly lower moment of inertia as compared to the whole body, move in a relatively independent way in what allows to generate higher frequencies of sway without producing excessive sway magnitude. It is possible that postural sway in our preoperative patients was based on ankle strategy and indicated no involvement of increased sway frequency, while after surgery these persons were able to use hip strategy that increased sway mean velocity as the result of increased sway frequency.
Conclusion
Postural performance in quiet standing with EO in patients with LDH does not differ from that in healthy persons. This is achieved by the overreliance of the former subjects on visual cues and may contribute to a delay and difficulties in the reweighting of sensory information following a surgery. Occluded vision leads to significantly exacerbated postural stability in these patients who are unable to properly monitor their posture due to incorrect proprioceptive information and/or to counteract excessive sway by means of tighter control. In the early post -operative period the patients recover the ability to control their postural sway with EC within normal limits, however at the expense of significantly increased frequency of corrective torques. It is probably a transient short-term strategy needed to compensate for the recovery phase when the normal weighting factors for all afferents are being reestablished. We propose that this transient postoperative period may be the best timing of therapeutic intervention targeted at facilitating and reinforcing the acquisition of correct motor patterns.
